proteins including transporters and receptors, investigators often found some of 66 these proteins to be inactive in yeast, sometimes because the protein did not fold 67 properly and/or was not delivered to the plasma membrane but accumulated in a 68 secretory compartment (endoplasmic reticulum (ER), Golgi apparatus, secretory 69 vesicles), sometimes even leading to formation of karmellae [11] . On the other hand, 70 some heterologous proteins correctly delivered to the plasma membrane have been 71 described to undergo rapid endocytosis and turnover, resulting in low plasma 72 membrane levels [12] . by competition studies [15] . Moreover, AtUPS1 mediates uracil uptake when 127 expressed in Xenopus oocytes [16] . In order to monitor the intracellular fate of 128 AtUPS1 in yeast, UPS1 was cloned in a multicopy plasmid under the control of the 129 galactose-inducible GAL promoter. We defined the characteristics of uracil uptake 130 mediated by GAL-UPS1, as compared to uracil uptake mediated by the endogenous 131
Fur4p cloned under the control of the same promoter. fur4 cells grown on galactose 132 expressing either GAL-UPS1 or GAL-FUR4 displayed high sensitivity to 5-fluorouracil 133 (5FU), a toxic analog of uracil: cells expressing the transporters were unable to grow 134 on plates containing 1µM 5FU, whereas cells transformed with a control plasmid 135 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w whereas uracil uptake activity of cells expressing AtUPS1 did not display a decrease 162 for four hours. Hence, once delivered to the plasma membrane, the plant AtUPS1 163 was remarkably stable, and did not undergo obvious endocytosis after inhibition of 164 protein synthesis. 165
166

C-terminally tagged versions of AtUPS1 are retained in the ER 167
The monitoring of uracil uptake activity can afford insight into the intracellular 168 fate of AtUPS1, since it provides information about the plasma membrane located 169
transporter. This information, however, remains limited, and does not indicate the 170 fraction of plasma membrane-delivered protein versus potential intracellular pools. In 171 the absence of available antibodies, we decided to monitor the fate of tagged 172 versions of AtUPS1. C-terminally tagged versions of AtUPS1 were constructed, first 173 with a GFP-tag, a powerful tool for monitoring the intracellular fate in yeast of plasma 174 membrane proteins of heterologous [14] or endogenous origin, including that of 175
Fur4p [29] [30] [31] . fur4 cells transformed with a multicopy plasmid carrying GAL-UPS1-176 GFP displayed high 5FU sensitivity after growth on galactose (Fig. 3A) . Strikingly, 177 fur4 cells transformed with multicopy plasmid carrying GAL-UPS1 tagged with the 178 smaller HA epitope displayed intermediate 5FU sensitivity after growth on galactose, 179 indicating that a smaller tag did not improve AtUPS1 functionality. According to these 180 plate assays, C-terminally tagged AtUPS1 thus appeared functional, notably GFP-181 tagged AtUPS1. However, fur4 cells transformed by the multicopy plasmid carrying 182 GAL-UPS1-GFP and fully induced displayed only a very low level of uracil uptake 183 activity (0.04 nMol/min/A 600 ), an activity 50 fold lower than that observed in the case 184 of induced cells transformed by a plasmid carrying untagged AtUPS1 (not shown). 185 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The GFP -or HA-tags may inhibit transport activity or impair plasma 188 membrane delivery of tagged transporter due to folding problems. We checked GFP 189 fluorescence in time course experiments using the multicopy plasmid carrying the 190 GAL-UPS1-GFP (Fig. 3B) , or the multicopy plasmid GAL-Fur4-GFP as a control. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 We checked whether insertion of a small myc-tag inside the central loop 229 containing the Walker A motif would be a better way to study AtUPS1 intracellular 230 trafficking. Cells expressing internally myc tagged AtUPS1 from a multicopy 231 galactose inducible plasmid displayed high sensitivity to 5FU (Fig. 4A) . Cells 232 transformed with the multicopy GAL-UPS1 myc plasmid grown overnight in galactose 233 displayed a relatively high level of uracil uptake activity: 1 nMol/min/A 600 , i. e. 70% 234 that observed in the case of untagged AtUPS1 (Fig. 4B) , suggesting that the myc tag 235 uracil uptake activity appeared slowly: 4-6 hours were necessary before we were 238 able to measure any detectable uptake activity (Fig. 4C) . Aliquots withdrawn at 239 several time points after galactose induction were analyzed by protein gel blots using 240 a specific anti-myc antibody. AtUPS1 myc appeared on gels as a band of apparent 241 molecular mass of about 36 kDa, i. e. slightly below the expected molecular mass 242 deduced from predicted protein sequence (44 kDa) (Fig. 4E) myc were induced by addition of galactose, aliquots 248 withdrawn periodically were fixed and analyzed by immunofluorescence using a 249 monoclonal anti-myc antibody. One hour induction was sufficient to observe a 250 specific signal, mostly perinuclear, supported by simultaneous DAPI staining (Fig.  251   5A) . To obtain better resolution of the cell surface staining (potentially corresponding 252 to either ER or plasma membrane), cells were examined by confocal microscopy. 253
The lower background in optical slices made it possible to show that all cells 254 displayed perinuclear staining, together with discontinuous regions of cell surface 255 staining (Fig. 5B) . Because cell surface was not homogeneously stained, we can 256 conclude that the main signal corresponds to ER staining and that a plasma 257 membrane localisation cannot be detected by this approach. The low rate of uracil 258 uptake activity thus likely resulted from low ER exit rates (Fig. 4C) The finding that 259 the activity of fully induced cells is in a similar range as that of cells expressing 260 Further indication that AtUPS1 myc stored in internal compartments could finally reach 263 plasma membrane was provided by the observation of some increase in uracil 264 uptake activity after stopping transporter synthesis by the addition of CHX (Fig. 4D) . 265
Once targeted at the plasma membrane, AtUPS1 myc was rather stable, as judged 266 from the extreme stability of uracil uptake activity for over 3 hours after this transient 267 uracil uptake activity increase following CHX addition. However, some low rate 268 endocytosis likely occurred as compared to the incredibly stable untagged AtUPS1 269 (Fig. 4D) . We used two viable rsp5 mutants, npi1 and rsp5 C2, that display delayed 279 endocytosis of several cargoes, including Fur4p. Accordingly, they displayed 280 increased 5FU sensitivity as a result of the plasma membrane stabilization of 281 endogenous chromosomal or plasmid encoded Fur4p (not shown). We checked the 282 fate of tagged and untagged versions of AtUPS1 in npi1 and rsp5 C2 mutant cells. 283
For this purpose, FUR4 was deleted in wild type, npi1 and rsp5 C2 cells, and 284 the resulting strains were transformed with multicopy plasmids carrying either UPS1 285 glucose, or galactose containing media in the case of plasmids with a GAL promoter 288 displayed identical growth in the absence of 5FU (Fig. 6A ), indicating that neither the 289 mutations, nor the expression of the plant transporters impaired growth. 5FU 290 sensitivity of transformants was strikingly enhanced in both rsp5 C2 and npi1 cells 291 expressing the tagged and untagged plant transporter when compared to wild type 292 cells, with slightly stronger effect promoted in all cases by the npi1 mutation 293
(compare the size of isolated colonies) (Fig. 6A ). This suggests higher amounts of 294 plasma membrane tagged or untagged transporters in the mutants. In the case of the 295 untagged transporters, the enhancement in 5FU sensitivity was evidenced after 296 synthesis from PGK or GAL10 promoter at different 5FU concentrations (Fig. 6A) , 297
indicating that rsp5 mutations interfered with trafficking, rather than with galactose-298 driven expression. For untagged AtUPS1 which is rapidly delivered to the plasma 299 membrane and very stable in wild type cells, the increase in functional transporter 300 activity observed in rsp5 mutants may result from inhibition of some direct Golgi to 301 vacuole targeting, or from protection against a possible low basal endocytosis, for 302 instance when cells reached stationary phase, a likely situation for cells grown 303 several days on plates. 304
In the case of the myc-tagged version of AtUPS1, we monitored the fate of the 305 transporter after galactose induction by western blots (Fig 6C) , and uracil uptake 306 measurements (Fig. 6B ). In agreement with fluorescent data, AtUPS1 myc protein was 307 already detectable in wild type cells at early time points after induction (30-60 min) 308 but uracil uptake was readily measurable only at far later time points (4 hours). In 309 npi1 cells, AtUPS1 myc was detectable in higher amounts at all time points and uracil 310 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 14 uptake activity appeared at least one hour earlier compared to wild type cells (Fig.  311   6B) . rsp5 C2 mutation also resulted in more rapid appearance of uracil uptake 312 activity. Strikingly, even if the activity was lower for cells expressing AtUPS1-GFP 313 compared to AtUPS1 myc , the rate of appearance of uptake was very similar. For both 314 types of tagged transporters uracil uptake activity was thus 2-3 fold higher in mutant 315 cells than in wild type cells after 4 hour induction. Since the major pool of both 316
AtUPS1-GFP and AtUPS1 myc seemed to be in the ER, both npi1 and rsp5 C2 317 mutations apparently lead to accelerated ER exit. 318 319
Discussion: 320
The use of a regulable promoter and the high sensitivity of uracil uptake 321 measurements enabled us to obtain crucial information about the fate of untagged 322 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 could be the lumenal orientation of both AtUPS1 N-and C-termini. 341
In addition to obtaining information on intracellular trafficking of the plant 342 AtUPS1 in yeast based on uptake measurements, we tried to gain new insights into 343 the biochemical properties of this transporter. Unfortunately, tagging the transporter, 344
either at the N-terminus (not shown) and C-terminus or inside its central loop, lead to 345 folding problems, often resulting in ER retention of most of the protein, preventing us 346 from using these tagged versions to obtain a judicious biochemical characterization 347 of this transporter. A marked difference, however, was observed between internal 348 tagging, and tagging at the N-and C-termini, which was far more deleterious. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 To construct the plasmid pGAL-UPS1 myc (pRT203) two fragments of UPS1 were 498 amplified separately by PCR using pFL61-UPS1 as a template. One fragment 499 contained at start an EcoRI and an XbaI site, the 5'-portion of the UPS1 coding 500 sequence (from ATG to the position 549) and a BamHI site at the end. The other 501 fragment contained a BamHI site at the start, the coding sequence for the c-myc 502 epitope, the 3'-portion of UPS1 (from position 550 to the stop codon), and an EcoRI 503 and a XhoI site at the end. Both fragments were sequentially cloned in pDR199 [47] 504 using the EcoRI/BamHI sites for the first fragment and BamHI/and XhoI for the 505 second. After sequencing, the complete c-myc tagged UPS1 sequence was obtained 506 by restriction and subcloned into the Xba I / Xho I sites of the CEN plasmid p416-507 GAL [46] . Afterwards, the multicopy plasmid pGAL-UPS1 myc was obtained by 508 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 France) for 20 sec at 30°C, then quickly filtered through Whatman GF/C filters, which 515 were in turn washed twice with ice-cold water and counted for radioactivity. In the 516 case of low uracil uptake activity, this basic protocol was slightly modified, with the 517 use of two ml samples and incubation for 2 min at 30°C. 518 519
Michaelis-Menten kinetics 520
Uracil uptake activities measured at various substrate concentrations were fitted to a 521 hyperbola with SIGMA PLOT 5.0, V5 according to Michaelis-Menten kinetics. 522
523
Yeast cell extracts, SDS-PAGE and Western immunoblotting 524
Total protein extracts were prepared by the NaOH/Trichloroacetic acid (TCA) lysis 525 technique as described in [28] . Proteins were separated by SDS-PAGE on Tricine 526 gels and transferred onto nitrocellulose membranes. The membranes were probed 527 with monoclonal antibodies against GFP (Roche Diagnostics Meylan, France), or 528 myc (9E10 from Roche Diagnostics), or polyclonal antibody against Gas1p (a kind 529 gift from H. Riezman). Primary antibodies were detected using horseradish 530 peroxidase-conjugated anti-rabbit or anti-mouse IgG secondary antibody (Sigma-531
Aldrich, Lyon, France) revealed by ECL chemiluminescence (Amersham). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w Dihydrochlorid (DAPI) was used. Samples were viewed under an Olympus 540 microscope BY61 using FITC and DAPI filter sets. Image acquisition was performed 541 using a Spot charge-coupled device camera SPOT4.05 . 542
For confocal analysis, cells were imaged using an inverted microscope (Leica, Inc. 543 Wetzlar, Germany) and scanning was performed with a True Confocal Scanner LEICA 544
TCS 4D. 545 546
Electron microscopy 547
Yeast cells were fixed by adding 200 µl of 50% aqueous glutaraldehyde to 10 ml of 548 growth medium for 10 min and then centrifuged at 5000 g for 10 min at 4°C. After 549 fixation with fresh fixatives for 2 h at 4°C, cells were washed in 0.1 M cacodylate 550 buffer (pH 7.4) and in water. Subsequently, cells were treated with 1% KMnO4 for 2 h 551 on ice, washed in water and re-suspended in 2% aqueous uranyl acetate for 1 h at 552 4°C. Cells were dehydrated in a graded series of ethanol, infiltrated in a mixture of 553 ethanol and Spurr's resin and embedded in Spurr's low viscosity media. Thin 554 sections were cut, stained with lead citrate and examined in a Tecnai 12 electron 555 microscope (Eindhoven, Netherlands). 556 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 myc were grown to mid log phase in 619 raffinose containing medium. Galactose was then added to induce transporter 620 expression. Protein extracts were prepared at indicated times and proteins were 621 resolved by SDS PAGE and analysed by Western immunoblotting using an anti-myc 622 antibody to detect the transporter and an anti-Gas1p as a loading control. 623 A: fur4 cells transformed with pGAL-UPS1 myc were grown overnight in raffinose 626 containing media. Galactose was added during exponential growth phase. Aliquots 627 were withdrawn at various time points, cells were fixed and processed for 628 immunofluorescence. AtUPS1 myc was detected using an anti-myc antibody as 629 described in Materials and Methods. The nuclei were stained using DAPI. 630
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